The spatial patterns in the distributions of vertebrates in the rainforests of the wet tropics biogeographic region of north-eastern Australia were examined to form hypotheses on the processes that have shaped vertebrate assemblages and patterns of species richness and regional endemism. These rainforests occur in a relatively narrow and discontinuous strip along the coast of north-eastern Australia. We found that the number of regionally endemic species and the proportion of regional endemics present in each subregion are both strongly related to the geographic shape of subregional patches of rainforest, independent of rainforest area, within Australian tropical rainforests. Shape has a more significant influence on regional endemism than area, and area has a stronger influence on species richness. These patterns were congruent for all terrestrial vertebrate classes (mammals, birds, reptiles and frogs), and for the four groups combined.
INTRODUCTION
Endemic species have a high conservation priority and one of the primary reasons for the protection of the rainforests of the Australian wet tropics under World Heritage legislation is the high levels of regional endemism in both the flora and the fauna (approximately 25 % of the terrestrial vertebrates (Williams et al. 1996) and 37 % of the plants (Keto & Scott 1986) are regional endemics). Understanding the processes that affect patterns of endemism is of great importance both in the management and conservation of these rainforests and to the study of the structure and evolution of faunal assemblages in general. Anderson (1994) suggests that there is a general tendency for endemism to be higher in larger areas, in environmentally heterogeneous areas and in low-vagility taxa, and that historical factors will have an important influence on areographic patterns in endemism. History is now recognized as an integral part of understanding current assemblage structure and species diversity (Ricklefs & Schluter 1993 ; Kupfer 1995) . Comparisons between the vertebrate assemblages of the wet tropics and those in New Guinea or southern * Author for correspondence :
(stephen.williams!jcu.edu.au).
Australia have often cited historical processes as major influences on assemblage patterns (Brereton & Kikkawa 1963 ; Schodde & Calaby 1972 ; Winter 1988 ; Crome 1990 ; Nix 1991) . Habitat shape is another factor that has often been implicated in patterns of endemism and assemblage structure ; however, its demonstrated effects have been variable (Kupfer 1995) . In the context of this paper, habitat or rainforest shape refers to the geographic shape of the rainforest present within each subregion of the wet tropics.
In this paper, an endemic species is defined as one that is found only in the wet tropics biogeographic region of north-eastern Australia (see figure 1) ; that is, a species demonstrating ' geographic endemism ' (Anderson 1994) . Endemism is defined as the proportion of species in a geographic or taxonomic group that are endemic to the wet tropics region. The analyses presented here relate only to rainforest species, which comprise the majority of wet tropics endemics (Williams et al. 1996 ).
Here we examine the possible determinants of spatial patterns of vertebrate species richness and regional endemism by examining distributional data for the terrestrial vertebrates of the wet tropics biogeographic region within each of 22 discrete subregions. We suggest the hypothesis that spatial patterns of ver-wet tropics 0 100 km scale Figure 1 . Faunal subregions within the wet tropics (modified from Winter et al. 1984 tebrate endemism are largely the result of localized extinctions in those subregions most affected by historical contractions of rainforest area, and that the relative effect of these contractions is reflected by the combination of current rainforest area and shape.
METHODS
The wet tropics biogeographic region was divided into 22 subregions (see figure 1) based on those defined by Winter et al. (1984) and adopted by McDonald (1992) in a review of rainforest frog distributions. This scheme has been used in this study with some minor variations, which are explained in Williams et al. (1996) . These subregions are primarily defined by the biogeographically distinct upland (above 300 m) blocks (mountain ranges separated by low altitude and\or non-rainforest gaps). The western edges of the subregions are less well defined. The 300 m contour was used where practical, but in some subregions the altitude remained well above 300 m to the west of the main mountain ranges. In these cases the edge of the subregion is defined climatically at approximately the 1500 mm annual rainfall isohyet. All major areas of tropical rainforest of the wet tropics region are completely contained within these boundaries.
Data were collated on the presence\absence of the terrestrial vertebrate species within each of the 22 subregions from a wide range of sources (published and unpublished). A complete list of species, their distributions within the regions and the sources of information is contained in Williams et al. (1996) . Information describing the environmental characteristics of each subregion was compiled, including a number of environmental variables describing total rainforest area, rainforest area by structural types and altitude, rainforest shape, vegetation diversity, altitudinal diversity, latitude, latitudinal range, annual rainfall, rainfall consistency and temperature. Variables that were strongly collinear were removed from the analyses. Multiple regression modelling (backward removal), with species richness as the dependent variable and the environmental factors as the independent variables, showed that although many of the variables explained small amounts of the variance for various taxonomic groups, only rainforest area and shape consistently explained large amounts of the variance in patterns of endemism and endemic species richness. Subsequent analyses, presented in this paper, consider these two primary variables only.
Shape is defined as the areographic shape of the habitat, and can be quantified by the shape index (SI) (Patton 1975) , which is dimensionless and is both theoretically and, in this study, empirically independent of area (log SI vs log area, r l 0.0780, p l 0.730, n l 22). It is important that shape is independent of area to separate the effects of shape and area to avoid collinearity in the multiple regression models. The shape index is a measure of the degree to which a shape differs from circular (SI l 1.0 for a circle ; SI 1.0 for all other shapes). The index was calculated from the area (RFAREA) and perimeter length (P) of rainforest within each of the 22 subregions within the Australian wet tropics :
The area of rainforest, rainforest shape index, species richness of endemic vertebrates (total and by class) and proportion of endemism within rainforest for each of the subregions are listed in the appendix. Estimates of rainforest area and perimeter length were calculated from 1 : 100 000 vegetation maps (after Tracey & Webb 1975 ; Tracey 1982) using the ARC\INFO GIS system of the Wet Tropics Management Authority. This scale of measurement (1 : 100 000) would only measure deviations in the scale of hundreds of metres, which is appropriate in this study because the scale of changes in species distributions is of this order (e.g. edge effects ; Laurance 1991 b) . Measurement at a finer scale (tens of metres) would produce very high shape indices due to small scale fuzziness at the rainforest boundary, which would not be appropriate to a regional analysis. Perimeter values do not include boundaries where there was continuous upland rainforest between two adjoining subregions ; that is, the perimeter lengths only include boundaries with non-rainforest habitats.
(a) Multiple regression models of the effects of rainforest area and shape
Multiple regression was used to examine the relative contributions of rainforest area and shape in explaining patterns in vertebrate species richness. Separate analyses were conducted for total species richness and the species richness of regional endemics for all vertebrates combined and for each of the various taxonomic groups. Multiple regression models use species richness as the dependent variable and log rainforest area and log shape index as the independent variables (log transformation was used to normalize data). Bats and water birds were excluded from the analyses because of insufficient data on bats and the fact that water birds are dependent on a specific resource (water bodies) that is largely independent of rainforest. Partial residual analysis was used to examine the relationship between species richness and shape independent of area, and species richness and area independent of shape. Analysis of covariance (ANCOVA) was used to determine if there was significant difference in slopes and intercepts between regressions.
(b) Nestedness
Nestedness is a measure of the degree to which the assemblages in subregions with a low species richness are simply a subset of the more diverse subregions. The implication is that archipelago systems with a high degree of nestedness are the result of non-random extinctions in order of the specific extinction proneness of each species and usually related to the habitat area of each ' island '. The concept of nested subsets was first quantified by Patterson & Atmar (1986) . However, their nestedness index was affected by the size of the species\island matrix and emphasized presences more than absences (Atmar & Patterson 1993) . A more sophisticated index of nestedness (matrix temperature, ), which is independent of matrix size, was subsequently developed based on thermodynamic theories of order and disorder (Atmar & Patterson 1993) . The degree to which the matrix temperature departs from randomness can be tested statistically using Monte-Carlo simulations. This index of nestedness, ' matrix temperature ', is used here to describe the degree of nestedness of the endemic rainforest vertebrates in the wet tropics. Matrix temperature and the probability of significant nesting were calculated using the software developed by Atmar & Patterson (1995) .
RESULTS (a) Species richness in rainforest (all species)
Species richness of all terrestrial rainforest vertebrates is positively correlated with the area of rainforest in each subregion (see table 1). However, multiple regression analysis shows that shape does not significantly contribute to the pattern of overall species richness of rainforest vertebrates in any of the examined subgroups, except for mammals, after controlling for the effects of area (see table 1 ). Separation of the mammal assemblage into arboreal and ground-dwelling groups shows that only the species richness of arboreal rainforest mammals is related to shape (see table 1 ).
(b) Species richness in rainforest (regional endemics only)
In contrast to the patterns of total species richness in rainforest, the species richness of endemic rainforest vertebrates in the wet tropics is highly correlated with the area and shape of the rainforest in each subregion (see table 1 ). There is a decrease in the species richness of endemic vertebrates with an increase in the shape index. Shape explains 66 % of the residual variation in the species richness of endemic vertebrates after removing the effect of area. This pattern is congruent in all subgroups (mammals, birds, reptiles, frogs) examined, with shape explaining 19-74 % of the residual variation in the groups examined. However, in all groups except birds, more of the variance in species richness is explained by area than by shape.
These relationships remain highly significant if the analysis is restricted to upland subregions (p l 0.0003, r# l 0.7739, n l 14). Additionally, the patterns are not greatly affected by the removal of the nine subregions with significant anthropogenic clearing (p l 0.0009, r# l 0.7523, n l 13). Therefore, the results are not an artefact of artificially high shape indices in the lowlands or in those regions where there has been significant clearing and fragmentation. This is important as it means that the patterns are related to the natural distribution of rainforest.
(c) Patterns of endemism
The degree of endemism within the rainforest in each subregion (proportion of endemic species in the total rainforest assemblage present in that subregion, as opposed to the number of endemic species) shows a positive correlation with area and a negative correlation with shape (see figures 2 a and 2 b). That is, the proportion of endemic species is higher in rainforest blocks with a smaller shape index (closer to circular) and a larger area. More of the variance in endemism is explained by shape than by area, whereas area explains more of the variance in the species richness of endemics (see table 1) : this means that the rainforest assemblage contains a higher proportion of endemics and, consequently, a lower proportion of non-endemics, in blocks of rainforest that are more circular. Non-endemic species are often more widely distributed and have less specialized habitat requirements, and these species are more prevalent in blocks with a more fragmented or convoluted shape. Shape has traditionally been used in landscape ecology as an important indicator of edge effects (Noss 1983 ; Temple 1986 ; Laurance 1991a Laurance , b, 1994 . This paradigm predicts that as area increases the effect of shape should decrease due to the decrease in the proportion of edge to core habitat area. To examine whether the effect of shape decreases with area, the subregions were divided into those with larger ( 20 000 ha) and smaller ( 20 000 ha) areas of rainforest (see figure 2 b ). This division was based on a tendency for the species-area curve for the total number of endemic vertebrates in each subregion to plateau at about 20 000 ha. The slopes of the negative correlation between endemism (residual variation in endemism after removing the effects of area) and shape (see figure 2 b) are not significantly different in small or large areas of rainforest (ANCOVA, d.f. l 1, F l 0.00, p l 0.985, compares separate regression models for small and large rainforest areas : the dependent variable is the residual variation after regressing log rainforest area against endemism, and the independent variable is log SI). There is also no significant difference in the relationship between shape and the species richness of shape index (SI) (log scale) endemism residuals (controlling for area) Figure 2 . The relationship between geographic endemism (proportion of endemic species in the total rainforest assemblage of each subregion) and (a) rainforest area and (b) shape, using a multiple regression model with endemism as the dependent variable and log rainforest area and log shape index as the independent variables (table 1). The relationship between endemism and shape (b) is shown for all subregions (solid regression line), subregions with large areas ( 20 000 ha) of rainforest (solid circles, dashed regression line) and subregions with small areas ( 20 000 ha) of rainforest (open circles, dotted regression line). Regressions for large and small areas are not significantly different (ANCOVA, d.f. l 1, F l 0.00, p l 0.985). Plots are the residual variation in endemism for each independent variable (area and shape) controlling for the other independent variable. endemics in subregions with either small or large areas of rainforest (ANCOVA, d.f. l 1, F l 0.18, p l 0.673). The important result here is that shape, independent of area, has a very significant effect on the species richness of endemic vertebrates and the level of vertebrate endemism in both small and large areas of rainforest.
(e) Nestedness
The distribution of endemic vertebrates is highly nested. The index of nestedness, matrix temperature ( ) was 15.1m. The probability that this degree of nesting is random ( 15.1) was calculated to be 3.8i10 −'% , which is over 20 standard deviations below Vertebrate endemism in tropical rainforest S. E. Williams and R. G. Pearson the mean temperature (using 50 Monte-Carlo simulations) of a random matrix with the same number of species, subregions and species presences in the matrix (matrix fill).
DISCUSSION
The significant influence of rainforest area on species richness is not surprising ; however, the strong effect of shape on vertebrate endemism is very interesting. Shape does not influence the species richness of all rainforest vertebrates, but is closely tied to the assemblage composition, specifically to the proportion of the assemblage which is endemic. Areas that have a convoluted and fragmented shape have a greater proportion of more generalist species (non-endemics). Rainforest area remains the main factor in the pattern of species richness, and shape is the best predictor of the level of endemism. It is important to note that in all cases it is the combination of rainforest area and shape that explains most of the variation in the spatial patterns of endemic species richness and the proportion of endemism.
Having established that shape is related to patterns of endemism, it is important to consider what processes may be involved in producing the relationship. Habitat shape has been shown to be related to a number of processes that affect assemblage structure : dispersal between patches (Game 1980 ; Schonewald-Cox & Bayless 1986 ; Stamps et al. 1987) ; internal dispersal \recolonization (Pickett & Thompson 1978) ; extinction (Game 1980 ; Schonewald-Cox & Bayless 1986) ; habitat heterogeneity (Noss 1983) ; and a variety of edge effects (Noss 1983) . Edge effects are caused by the interaction of two adjacent habitats ; the effects penetrate into each habitat, reducing the suitability of the habitat for the organisms that specialize in that habitat (Murcia 1995) . The factors that contribute to an edge effect include : increased predation from external predators (Noss 1983 ; Andren & Angelstam 1988 ; Laurance et al. 1993) ; changed microclimate (Laurance 1991b ; Matlack 1993) ; competition with species from other habitats (Noss 1983) ; and reduction in core area (Temple 1986 ; House & Moritz 1991 ; Laurance & Yensen 1991 ; Malcolm 1994) . These factors are primarily landscape processes. Under current paradigms of landscape ecology, our results could be interpreted as a core area or edge effect pattern where most endemic species are core rainforest species, diversity is strongly related to habitat area and the area of this core habitat is related to both area and shape. However, this hypothesis predicts that shape should decrease in importance with area because the proportion of edge habitat will decrease (Kupfer 1995) . The fact that shape remains a significant factor, even when restricting the analyses to large areas, suggests that the importance of shape in influencing regional patterns of endemism in the wet tropics rainforest is not due to an edge effect.
The low diversity of regional endemics in subtropical mammal assemblages compared to the tropical rainforests in Australia has been previously attributed to extinctions during Pleistocene contractions in the extent of rainforest (Winter 1988) . Similarly, the general paucity of specialized species of birds (Brereton & Kikkawa 1963) and mammals (Crome 1990 ) in Australia's wet tropics has been attributed to the contraction of the tropical rainforest to small refugia. Therefore, the combination of rainforest shape and area may be acting as an index of the relative effect of historical rainforest contractions within each subregion of the wet tropics. The extent to which a habitat patch is reduced during a contraction will be dependent on the area and the shape of the rainforest block (see figure 3) . Assuming similar initial areas in shapes (a) and (b), a contraction will have a much greater effect on the area of shape (b). Shape (a) will maintain a much larger core or refugial area and be less prone to fragmentation than shape (b). Many of the rainforest subregions within the wet tropics are similar in shape to (b) because the climatic conditions are largely determined by altitude, meaning that the rainforest often lies along the upper slopes of a mountain range that is deeply dissected by valleys. Shape is determined by a complex interaction between climate and topography ; however, this is not completely addressed by the simple spatial model presented here. A more sophisticated approach using spatial modelling is currently being examined.
The rainforest vertebrate fauna is considered to have once been widespread in northern Australia (Winter 1988) , so the current spatial pattern of endemic species richness could be the result of subregional extinctions during periods of contraction. The number of extinctions within a specific subregion would be determined by the interaction of the degree of contraction, indexed by current area and shape, and the relative extinctionproneness of each species. Additional support is provided by the fact that, except for a small number of species with highly restricted distributions, the species present in all of the subregions are almost entirely a nested subset of the two main centres of endemism within the region (the Thornton Uplands for the subregions north of the Daintree River and the Atherton Uplands for the rest of the region). The highly significant nestedness exhibited here is indicative of a regional fauna that has been spatially structured by selective extinction (Patterson & Atmar 1986 ; Wright & Reeves 1992 ; Atmar & Patterson 1993) .
Molecular studies have shown that refugial vicariance has had a significant influence on speciation in the wet tropics, although current evidence indicates that speciation did not occur in Pleistocene refugia and is mostly much older Joseph et al. 1995) . This supports the hypothesis that the effect of the Pleistocene refugia has been a sifting of species, via local extinctions, dependent on the size and fragmentation of refugia. Ongoing studies (C. Moritz, M. Cunningham and C. Schneider, personal communication) show that in at least one species of rainforest-endemic frog, the southern populations (Spec Uplands) are genetically very similar to those from the Kirrama range to the north. In contrast, the Kirrama population is very different from those on the Atherton Uplands, despite the fact that the geographic separation is much less than that between Kirrama and the Spec Uplands. This would be consistent with the hypothesis that this species went locally extinct in the Spec Uplands and has subsequently recolonized from the more northern Kirrama population.
We suggest that current rainforest area and shape reflect the relative susceptibility of each area to historical contractions, with the implication that historical fluctuations in rainforest area have been an important process, via subregional extinctions of rainforest specialists (species sifting), in determining current patterns of distributions, species richness and endemism in the vertebrates of Australian tropical rainforests. Although Pleistocene refugia are an integral part of this hypothesis, they should not be confused with the refugial hypothesis proposed by Haffer (1969) to explain high species diversity in the tropics. Haffer (1969) suggested that the high species richness in the Amazon was the result of allopatric speciation in Pleistocene refugia. Here, we are suggesting that the Pleistocene refugia in the Australian wet tropics acted primarily as a species filter, rather than the species pump implied by Haffer's hypothesis.
The tendency to examine total species richness only is a problem in many studies, and an examination of the species richness within meaningful ecological subsets (functional groups) of the assemblage may be more informative. The importance of considering subsets within the assemblage is highlighted by the results of this study where the shape index is not correlated with total species richness, but is negatively correlated with endemic species richness and positively correlated with non-endemic species richness.
The importance of shape to endemic species diversity has serious implications for long-term management and conservation, and the much-debated design principles for nature reserves. With regard to the argument over the selection of a single large or several small reserves (SLOSS ; Simberloff & Abele 1982) , our results indicate that the concept is simplistic and that the combination of only habitat area and total species diversity is inadequate to make informed conservation and management decisions. Our results would favour the selection of large, round reserves, rather than a number of small, more fragmented reserves, for the long-term preservation of endemic species. There would be a higher risk of extinction of rainforest endemics in the smaller reserves, especially reserves with a more fragmented shape, a factor which would become increasingly important if the rainforest contracted due to global warming. We disagree with the conclusions of Blouin & Connor (1985) who suggested that ' shape is not of major concern in the design of nature reserves ', and we stress that it is the shape of the habitat, not of the reserve, that is important. The hypothesis presented here suggests that the extant rainforest vertebrates in the Australian wet tropics are relatively resilient as they are the survivors of quite severe historical fluctuations in rainforest area. Assuming that the protection provided by World Heritage listing remains in place, the prospects for the conservation of the unique vertebrate biodiversity of the Australian wet tropics are relatively positive when compared to most other regions of the world.
APPENDIX
The area of rainforest, shape index (SI), level of endemism and species richness (by taxonomic group) for the rainforest in each subregion within the wet tropics biogeographic region 
